The use of Magnetic Resonance Imaging (MRI) as a tool for non-destructive testing of moisture distribution and moisture migration in concrete and mortar is described. MRI spatially resolves in one, two, or three dimensions, the evaporable water content in cement based materials as a function of time, treatment or processing conditions. The use of the technique is demonstrated through studies of drying and freezing behavior in partially saturated materials. Studies of one-dimensional drying of concrete cylinders show a clear dependence of the capillary and diffusive drying rates on moist curing time and watercement ratio. Three-dimensional imaging is demonstrated to visualize the internal moisture distribution in concrete. MRI experiments may spatially resolve the freezing behavior of concrete, and thereby determine the occupied pore size distribution. In addition two-dimensional time resolved imaging of a propagating freezing front into a model concrete wall is demonstrated. Finally a modification of the basic methodology is described which permits imaging of nuclei other than hydrogen. Chloride and sodium distribution in mortar, associated with salt water invasion, may thereby be determined. 
INTRODUCTION
While moisture is required for the chemical hydration of cement during the early stages of concrete formation, and for subsequent strength gain, once this process is complete the excess water becomes undesirable. Pore water in hardened concrete is one of the main factors influencing the deterioration of concrete, leading to premature aging and performance failure [1] . Physical and chemical deterioration mechanisms, linked to excess moisture and moisture migration include drying shrinkage, freeze-thaw cracking, alkali aggregate reaction, and corrosion.
When fresh concrete materials are exposed to ambient conditions, the non-equilibrium internal moisture content will change in both space and time as the material dries. The moisture content near the exposed surface is of particular importance, as it is a direct reflection of the relative importance of different drying mechanisms [2, 3] . The drying process has been shown to proceed as a mixture of capillary and diffusive behavior, with the drying rates directly affected by the underlying pore size distribution and permeability [3, 4] . Mehta [5] has shown that with increased moist curing the pore system changes with time, converting an essentially coarse pore system into a much finer pore system as hydration progresses. Since the degree of water saturation, and the distribution of occupied pore sizes, within the concrete can change depending on the ambient temperature and humidity, it is important experimentally to be able to spatially resolve both as a function of time.
One of the most obvious influences of water content on deterioration is freeze/thaw damage. Freeze/thaw cycles generate significant internal stresses in a concrete structure, resulting in micro, and ultimately macro, cracking of the material. These stresses are due to the volume expansion of water on cooling, and due to a hydraulic pressure generated by movement of water to an ice formation front [6] . It is well known [7] that concrete's resistance to freeze/thaw damage depends on the degree of saturation of the concrete. It also depends on the distribution of pore size as the water in the smaller pores freezes at a lower temperature than does the water in larger pores.
Magnetic Resonance Imaging (MRI) is well established as a three-dimensional medical diagnostic imaging technique [8, 9] . While Nuclear Magnetic Resonance (NMR) has been used for studying hydration chemistry and bulk pore size distributions in cement based materials for almost two decades [10] [11] [12] [13] [14] , the extension to spatially resolved methods has proven difficult [15, 16] . The composition and micro porous nature of cement based materials result in NMR signals which decay approximately three to four orders of magnitude faster than the signal from water in human tissue. Traditional clinical MRI methods fail in these materials, due to the brief duration of the experimental signal which largely precludes conventional methods of spatial encoding. MRI images acquired using conventional methods usually fail, or at best produce blurred and poor signal to noise ratio (SNR) images, in cement based materials.
New MRI techniques, specifically designed for short signal lifetime systems, are required for flexible and quantitative imaging of concrete materials. The MRI techniques now generally accepted as the method of choice for imaging concrete materials, are conveniently described as pure phase encode, single point methods.
The development of these methods has been pioneered by the co-authors of this article. The methods and their various implementations are the subject of this review. Our technical focus in this review is not meant to ignore the work of others; rather it is the natural result of our own involvement with the development of these methods.
NUCLEAR MAGNETIC RESONANCE THEORY

Introduction
Nuclear Magnetic Resonance (NMR) was discovered, almost simultaneously, by two separate research groups shortly after the second world war. In the subsequent 55 years, NMR methods have been employed in many different areas of science and engineering, from chemical structure determination to in vivo clinical imaging [17] . In this section we will outline some of the basic concepts of NMR. A variety of introductory or advanced reference books provide additional information and more complete descriptions of NMR [18] [19] [20] [21] [22] .
The basis of NMR is the quantum mechanical property of spin angular momentum possessed by many nuclei. Although the hydrogen nucleus, 1 H, is the most commonly studied, and the most sensitive, it is not the only possibility. Table 1 lists a range of nuclei readily accessible to study with NMR. Many of these nuclei have relevance to studies of cement and concrete materials. All of the nuclei in Table  1 possess spin angular momentum determined by the spin quantum number I. The spin quantum number is related to the spin angular momentum of the nucleus and hence to the magnetic moment, , through Equation (1) . The factor is the gyromagnetic ratio which is characteristic of the nucleus.
I
(1) where = h/(2 ) with h Plank's constant (h = 6.626076 10 -34 J s) In an applied static magnetic field, B 0 , the magnetic moments of individual nuclei interact with the static field and the energy of the nucleus is split into 2I+1 different energy levels corresponding to the 2I+1 possible values of the z component of the magnetic moment. For the common case of the proton, I=1/2, two energy levels result, Fig. 1 . The z component of the magnetic moment is quantized and only two orientations are possible, one parallel to the applied static magnetic field and one anti-parallel to the applied static field. The orientation parallel to the applied static field has lower energy and is thus occupied preferentially. The energy difference between the two states of Fig. 1 corresponds to energies associated with the radio frequency band. Typical resonance frequencies range from tens to hundreds of MHz for magnetic field strengths on the order of a few tenths of Tesla to the current practical limit of 20 Tesla. The resonance frequency is the frequency of excitation required to cause transitions between the different energy states of Fig. 1 . The Larmor equation relates the frequency to the magnetic field strength, Equation (2) , with the gyromagnetic ratio as a proportionality. o B (2) Since the energy difference between the two states is small compared to the thermal energy kT, the population difference is exceedingly small. Magnetic resonance is usually considered an insensitive technique due to this unfavorable population ratio. Population differences of just a few parts per million are not uncommon. At equilibrium, the x and y components of the magnetic moments of individual nuclei, which are not conserved, cancel by symmetry and the result is a net vector magnetic moment aligned parallel to the static field B o , Fig. 2 . This net magnetic moment, which is the observable sample magnetization, for the spin I=1/2 case is given by Equation (3),
where N is the number of nuclei and k is Boltzmann's constant (k = 1.38066 10 -23 J/K). Note that the net magnetic moment, and ultimately the NMR signal will increase with the quantity of material, and the magnetic field strength, but will decrease with increasing temperature.
Excitation and detection of the signal
NMR is a powerful and flexible technique in large part because excitation of the nuclei, with a radio frequency pulse, produces a coherent excited state. That is, unlike most spectroscopic techniques, which simply measure attenuation of electromagnetic radiation due to photon absorption, in NMR one directly observes, and manipulates, an excited state where there exists a collective behavior of a large assembly of nuclei.
Excitation of the sample, in the vector model of magnetic resonance, assumes that an electromagnetic wave of the appropriate frequency interacts with the net sample magnetization M 0 causing a torque which results in rotation of this magnetization off the z axis, into the transverse plane. As magnetization M 0 rotates away from the z axis, it will also experience a torque due to the static field B 0 . Precession of magnetization M 0 about the z axis occurs at the Larmor frequency as it rotates into the transverse plane. The magnetic field strength of the radio frequency pulse, applied orthogonal to the B 0 axis, is variable B 1 . The rotation angle, , of the sample magnetization, off of the z axis, is given by the product of the gyromagnetic ratio, the pulse length and the B 1 field strength, Equation (4). Transverse magnetization, M xy , continues to rotate under the action of the B 0 field in the transverse plane. This rotating, or precessing, magnetization will induce a voltage in the RF probe, which can function in both transmit and receive mode, according to Faraday's law. This induced voltage is our experimental NMR signal, usually termed a free induction decay (FID). The detected FID is digitized and displayed to the experimenter as a signal within an audio frequency range, following mixing with a high frequency reference signal. Typically both real and imaginary components of the FID are detected in a phase sensitive detection scheme. The time domain signal may be Fourier transformed, usually with a Fast Fourier Transform (FFT), to produce a spectrum.
Traditional NMR measurements provide detailed information on molecular structure due to a phenomenon known as the chemical shift. Nuclei in different chemical environments within a molecule will have slightly different local magnetic fields due to variations in the electron distribution and circulation within the molecule. A modification to the Larmor equation incorporates the chemical shift shielding constant, , Equation (5).
H spectra, typical chemical shifts range from 0 to 10 parts per million. For a 100 MHz spectrum this results in a maximum frequency difference of 1000 Hz. In addition to the chemical shift, local interactions between neighboring nuclei produce spin-spin coupling which introduces fine structure to the basic spectrum. These basic ideas, and more advanced derivatives, are the foundation of many methods for chemical structure determination [22] .
Relaxation times
Application of an RF pulse to create observable transverse magnetization produces a non-equilibrium state which must return to equilibrium as a function of time. The T 1 time constant governs the recovery of magnetization in the z direction, M z , after an RF pulse. Following a 90 0 excitation pulse, M z magnetization is zero and the original equilibrium magnetization M 0 has been converted to transverse magnetization M xy . The longitudinal magnetization M z = 0 will recover to its equilibrium value according to Equation (6).
where t is the time after the excitation RF pulse.
The form of the equation governing M z recovery will change with the initial conditions; for example a 180 0 inversion pulse produces M z = -M 0 rather than M z =0. A similar modification, and a possible longitudinal steady state, must ensue if repetitive RF pulses are applied before the longitudinal magnetization is fully recovered from the previous pulse. The time constant T 1 may be measured by inverting M z , then as a function of time after the inversion, applying a sampling RF pulse. Such a procedure is known as an inversion recovery T 1 determination. Spin lattice relaxation involves an interaction and energy exchange between the spins of the sample and their surroundings.
The decay of transverse magnetization in a FID is governed by a time constant T 2 *, the effective spin-spin relaxation time. It incorporates magnetic field inhomogeneity effects which lead to dephasing of transverse magnetization and consequent signal loss. A collection of nuclei in a particular position, an isochromat, may have a resonance frequency slightly different from that of a neighboring region of space. The signal from individual isochromats will thus evolve at different frequencies with the inevitable consequence that partial signal cancellation occurs and the observed signal (proportional to transverse magnetization M xy ) decays prematurely, Equation (7).
The T 2 relaxation process is known as spin-spin relaxation and involves interactions between neighboring spins with mutual spin flips between neighboring spins in the case of a dipolar interaction. The T 2 and T 2 * time constants are commonly related, through the inhomogeneity in the static magnetic field, B 0 , by Equation (8) .
For liquid state samples in a very homogeneous magnetic field, the T 1 and T 2 time constants may be seconds. For more rigid materials the T 2 time constant, and thereby T 2 * through Equation (8), may be tens of sec or less, with T 1 time constants of seconds or hundreds of msec.
The T 2 time constant may be assessed with a measurement known as a spin echo, invented by Erwin Hahn [23] . A 90 0 excitation pulse followed by one or more 180 degree pulses produce 'spin echoes' at intervals of after the 180 0 pulses where is the time between the 90 and 180 degree pulses and 2 is the time between successive 180 0 pulses. The decay of the echo amplitudes is given by the exponential time constant T 2 , shown schematically in Fig. 3 . Signal phase accumulated during the evolution time after the first pulse, is reversed by the 180 0 pulse. Assuming a similar phase accumulation, due to an inhomogeneous B o field, during the second time period , an echo will be observed at time 2 . Each individual echo has an exponential rise and fall that is governed by the T 2 * time constant. The Carr Purcell Meiboom Gill (CPMG) pulse sequence [24] is the most common method of measuring the T 2 time constant.
Both the T 1 and T 2 time constants are sensitive to fluctuations in the magnetic field experienced by individual nuclei. These fluctuations usually result from inter or intramolecular motion of neighboring nuclei (which possess a magnetic moment). The T 1 and T 2 time constants, through sensitivities to different time scales of motion, thus report on the dynamics of the nuclei under study. Elaborate models may be constructed to predict and interpret the observed relaxation times. In a heterogeneous material these motions may be very complex and difficult to unravel. For relatively simple systems, for example liquids undergoing isotropic motion, well established and validated models exist to connect molecular motion to the observed relaxation times. For systems which do not reveal liquidlike molecular motion, for example samples with low fluid content, and/or highly ordered molecular scale structure, the T 2 relaxation time is greatly reduced in value, frequently to msec or sec. The T 1 , T 2 and T 2 * relaxation times are often measured as empirical parameters, particularly in MRI studies, without detailed interpretation of the underlying molecular dynamics.
Previous research has shown that the bulk T 1 and T 2 of the liquid water phase in hydrated white Portland cement pastes are generally multi exponential, and on the order of a few milliseconds and hundreds of microseconds respectively [4, 25] . The T 2 * relaxation time is related to T 2 , through Equation (8) , and substantially influenced by sample induced inhomogeneities in the magnetic field, with typical values on the order of 100's µs in white Portland cement based materials [4, 25] . The T 2 * decay in typical mortar and concrete samples is single exponential according to Equation (7) even though multiple T 2 populations usually exist. This means that in practice the M 0 value, the local water content, and the T 2 * value are relatively easy to reliably determine. In micro porous materials the observed decay is effectively single exponential because the local magnetic field inhomogeneity term B 0 in Equation (8) dominates the first term containing T 2 . The local magnetic field is inhomogeneous because of the magnetic susceptibility mismatch between the pore volume, which is either void or water filled, and the surrounding inorganic cement matrix. [25] .
The T 1 and T 2 relaxation parameters in porous materials are generally accepted to be related to the surface to volume ratio of water bearing pores as described by Equations (9) and (10) [26] . The parameters 1 and 2 are the spin-lattice and spin-spin surface relaxivity constants. The fact that T 1 and T 2 are related to the surface to volume ratio has been used by Plasis et al. [27] , Jehng et al. [28] , and Halperin et al. [12] to determine pore size distributions in hydrated cement pastes. Cement paste contains a distribution of pore sizes that range from the nanometer size up the micrometer scale [29] . Assuming the surface to volume ratio in these pores can be estimated as the surface to volume ratio of a sphere, then as the pore size decreases the T 1 and T 2 signal lifetimes decrease. A distribution in pore size, related through the surface to volume ratio, naturally leads to a distribution of T 1 and T 2 signal lifetimes.
Mortar and concrete materials prepared with ordinary Portland cement usually possess T 1 , T 2 and T 2 * signal lifetimes which are substantially shorter than those observed in white Portland cement based samples. The generally accepted reason is the presence of paramagnetic impurities in ordinary Portland cement, most notably iron, which increases the relaxation rate of water molecules which collide with the pore walls of the cement paste matrix. The decrease in signal lifetime, often more than an order of magnitude, precludes single point MRI imaging of 1 H in these materials, although spectroscopic 1 H measurements are still possible.
Although the magnetic resonance signal from water in a particular pore size has a single exponential T 1 or T 2 lifetime, according to Equations (9) and (10) above, this does not mean there is only a single type of water present in the pore. Rather, it is recognized there are many different types of pore water, most notably bulk like water in the centre of the pore and a more immobile surface layer or layers at the pore surface. The theory underlying Equations (9) and (10) above assumes there is rapid exchange (rapid on the NMR time scale) of water between these different environments which leads to single weighted average, T 1 and T 2 signal lifetimes. Thus there is a simple physical explanation for the form of Equations (9) and (10) . The surface layer signal lifetime is much shorter than that of bulk like water in the pore. The amount of surface layer water, and thereby the relative weight it contributes to the average lifetime, is determined by the ratio of the pore surface layer volume to "bulk" pore volume. If the surface layer is assumed to have a finite thickness this leads to the prediction that the signal lifetime will depend on the pore surface to volume ratio.
It should be noted that water molecules chemically incorporated into the cement matrix during the hydration process have exceptionally short 1 H T 2 signal lifetimes, as a rigid solid-like material (25) . This water population is therefore not observed in single point MRI experiments.
Imaging with magnetic field gradients, k-space
In general we hope to resolve important details of sample architecture with an imaging measurement. In the context of cement and concrete materials, it is usually the local water content within the material that we wish to spatially resolve. Spatial position may be incorporated into an NMR signal through the application of magnetic field gradients. The magnetic field gradient, for example G z = dB 0 /dz, imposes a spatially varying magnetic field across the sample. The spectrum that would result from an NMR measurement in the presence of a magnetic field gradient should reproduce the geometry of the sample, often weighted by the relaxation times, in the direction of the applied magnetic field gradient through a spatially varying resonance frequency, Equation (11) . Therefore, in the simplest case, the spectrum of , reflects the distribution of material.
The majority of modern NMR Imaging methods, more commonly known as Magnetic Resonance Imaging (MRI), employ an FFT to reconstruct the experimental MRI data into recognizable images. A simple consistent mathematical formalism, k-space, may be used to systematically understand the operation of the vast majority of MRI techniques. Because of the fundamental importance of the k-space formalism to modern MRI we will briefly introduce this notation in one dimension.
Consider the resonance frequency of a particular isochromat of spins at a chosen position in the z-direction displaced from the magnet isocentre. In a frame of reference rotating at the Larmor frequency, this is given as z G z z ) ( (12) This frequency source is represented as a complex exponential, exp[i (z)t], where the frequency depends on position z, gradient G z and gyromagnetic ratio .
The signal detected from a collection of isochromats distributed in the z-direction will be a summation of the individual signals. For a large number of isochromats, the summation may be written as an integral over position z. We introduce the hydrogen density (z) to indicate that the number of 1 H nuclei at each position may not be constant, and therefore the integral must include an appropriate weighting term. Rather than considering the experimental signal evolving as a function of time, we may introduce a change of variables and define a reciprocal space variable k, Equation (13), which has units of cm -1 . This is entirely appropriate if one wishes to reconstruct an image, with natural units of distance (cm), from data acquired in a reciprocal space with a Fourier Transform. The observed signal S(k) may thus be written as shown in Equation (14) .
Note that S(k) and (z) are related one to another by an analytical Fourier transform. The goal in an imaging experiment is thus to detect a reciprocal space signal S(k) in one, two or three dimensions as desired by appropriate experimental variation of k. One thus can reconstruct an image, (z), by an inverse Fourier transform of the S(k) signal, Equation (15) . The observed density may in fact be an 'apparent' density due to the influence of the various NMR relaxation times. This fact may be experimentally advantageous because it provides the experimenter the possibility of introducing relaxation time weighting into the image. The k-space signal is usually detected with equally spaced points and the Fourier reconstruction, with a number of points set to a power of two, proceeds with an FFT. (15) Note that the definition of k suggests that it may vary either as a function of time in the presence of a constant field gradient, or due to a change in the field gradient for a constant time. The first approach is known as a frequency encoding where the signal is commonly sampled as a function of time during the formation and decay of a spin echo. The second approach, known as phase encoding, requires changes in the strength of the magnetic field gradient for specified constant periods of time. The most common form of MRI known as spin warp imaging employs both frequency and phase encoding as shown in Fig. 4. 
Image intensity and contrast in MRI
The previous section outlines how MRI is able to resolve space. MRI is however able to achieve far more than a simple reconstruction of geometry. The image contrast may be readily manipulated through the introduction of relaxation time weighting of the acquired signal. In the case of the simple spin echo method outlined above, the signal from any region of space in the image is determined by
The local image intensity, Equation (16), is related to the true proton density which may also be considered the local sample magnetization, Equation (3), or the proton density . Equation (16) also contains two exponential weighting terms with the relaxation times T 1 and T 2 . At the peak of the spin echo formed by the pulse sequence outlined in Fig. 4 , the apparent sample magnetization has decreased by an exponential involving the echo time TE, which is 2 , and the T 2 time constant. If we apply successive spin echo excitations without permitting full recovery of longitudinal magnetization, the observed proton density is suppressed (partially saturated) by the third term in Equation (16) which involves the time of recovery of longitudinal magnetization, TR, between successive 90 0 excitation pulses and the spin lattice relaxation time constant T 1 . The details of the acquisition of our experimental data determine the image intensity and contrast in our image. Other MRI methods will have signal equations systematically different from Equation (16) . The overriding principle of using experimental timing parameters to modify the apparent proton density through relaxation time weighting is common to all MRI methods.
In many systems of interest, a short transverse signal lifetime (T 2 < 1 msec), will ensure that imaging methods such as those of Fig. 4 will be inappropriate. The signal lifetime is too short to permit the multiple switched field gradients, and shaped RF pulse, necessary for slice selective 2D imaging. With typical gradient switching times of hundreds of microseconds, it is clearly not feasible to observe water populations with similar signal lifetimes (T 2 ) in white Portland cement and concrete materials. Alternative methods may therefore be required. These methods are outlined in the next section. Fig. 4 -Schematic description of a conventional slice selective imaging method. The 180 degree pulse is band selective such that spins in a defined slice in the x direction form an echo. The y axis employs phase encoding (variable amplitude gradient), the z axis employs frequency encoding (signal sampled with time in the presence of a constant field gradient). The pulse sequence is repeated at intervals of time TR with an incremented phase encode gradient. The variable TE is the echo time.
Single-point imaging based techniques
Single Point Imaging (SPI) is a pure phase encoding MRI method [30, 31] . Due to spatial encoding during a fixed evolution time, the images are less prone to distortions generated by susceptibility induced fields, chemical shift anisotropies, paramagnetic impurities and other unwanted effects associated with direct detection during the evolution of an NMR signal with time. The general lack of image artifacts in this class of imaging method automatically makes it more quantitative than traditional methods. In the case of a short signal lifetime, T 2 *, excitation and acquisition are performed in the presence of phase encoding gradients, Fig. 5 , whilst for longer lifetimes the gradients may be applied during the time lag in between RF pulse and data collection [32] . A clear advantage of the SPI technique is achieved when the gradient switching time is on the order of, or longer than, the transverse relaxation time of the sample. The SPI imaging procedure can be directly implemented on most MRI instruments with simple pulse sequence programming. The local image intensity from an SPI experiment is given as (18) In Equation (17), M 0 is the local sample magnetization, which is proportional to the number of nuclear spins, and which we have also termed the density. The variable TR is the repetition time between RF pulses, and t p is the encoding time at which a single complex data point (hence the single point name) is recorded after an RF pulse. The angle is the rotation angle of the sample magnetization caused by the RF excitation pulse. It is assumed uniform throughout the sample. The exponential time constants T 1 (spin-lattice relaxation) and T 2 * (effective spin-spin relaxation) are characteristic of the physical properties of the material itself, and are measures of the time required for the system to recover to equilibrium and the time for the signal to decay to zero respectively. Due to the nature of the SPI experiment, the repetition time TR is always longer than the T 1 relaxation time for cement and concrete materials and thus the bracketed term of Equation (17) is equal to 1, leading to Equation (18) , which describes the local image intensity.
The simple SPI method will suffer from long acquisition times and is not appropriate for imaging in more than one dimension. The introduction of ramped magnetic field gradients to the SPI method has lead to a much more rapid imaging method known as SPRITE (Single-Point Ramped Imaging with T 1 Enhancement), Fig. 6 [33] . As in the case of spin-warp methods [34] , and in contrast to projectionreconstruction imaging [35] , the Cartesian nature of the k space acquisition allows for fast computation of the Fourier transform and rapid rendering of real space maps.
In a SPRITE image acquisition, the repetition rate is limited by the gradient amplifier duty cycle and gradient set heat exchange capability, rather than the gradient switching time. This allows for a significant reduction in the overall k-space scanning time. Three dimensional imaging times, for favorable samples, with the SPRITE technique are typically tens of minutes. Comprehensive analyses of T 1 saturation effects have recently been reported [36, 37] for the SPRITE technique.
Increased contrast in a heterogeneous sample may be achieved by manipulation of the initial magnetization [38] , and by centric order acquisition [36] . Various implementations of the SPI method exist, including methods for quantitative T 1 , T 2 and T 2 * mapping [39] .
The SPRITE method [33, 40] has been used successfully to image concrete materials [39, 44] (19) This is identical to Equation (17) for the SPI experiment, but in SPRITE the repetition time may be much shorter than for SPI. The fact that the T 1 time constant in cement and concrete materials is relatively short-lived, on the order of a few msec, ensures SPRITE images may be acquired relatively rapidly due to a correspondingly short repetition time TR. Technical details of the SPRITE method can be found in Balcom et al [33, 40] .
A new version of the SPRITE technique, termed Spiral SPRITE has recently been published [45] . This technique features a centric scan data acquisition with improved SNR, still faster imaging times, and simplified image contrast. The local image intensity in an appropriately executed Spiral SPRITE image is given by Equation (20) , with variables defined as for a standard SPRITE or SPI experiment. One of the most significant features of the Spiral SPRITE technique is the simplicity of the image contrast, Equation 20 , which makes it much easier to rapidly determine fluid content in porous media. 
MATERIALS AND EXPERIMENTAL PROCEDURES
Concrete and mortar specimens fabricated for the studies described in this review, unless otherwise noted, were made from white Portland cement (Lehigh, PA) and quartz fine and coarse aggregates (Atlantic Silica, Sussex, NB, Canada) to minimize the paramagnetic elements which adversely affect the MR signal. The typical maximum coarse aggregate size was 14 mm. Samples were frequently cast in polyethylene sample bottles, with a diameter of 5 cm and length 11 cm. The samples were usually cut to shorter length prior to MRI studies.
The MRI experiments were performed on either a 2.4 Tesla, 32 cm horizontal bore superconducting magnet (Nalorac Cryogenics Inc., Martinez, CA) or a 2.0 Tesla 30 cm horizontal bore magnet. Bird-cage style probes were employed for 1 H imaging. A photo of a typical experimental sample, with a 'bird cage' style RF probe in the background, is shown in Fig. 7 .
MRI image acquisition was undertaken with either a TecMag Libra S-16 Console (Houston, TX) controlled by MacNMR software, a Tecmag Apollo Console (Houston, TX), or a GE Omega CSI imaging spectrometer (GE, Freemont, CA). Fig. 8 shows one of the co-authors (S.B.), sitting at the Libra console with the 2.4 Tesla magnet visible through a glass wall, in an adjacent laboratory.
In the pore size distribution experiments, the 5 x 7 cm cylindrical specimen was placed inside a double-layered glass dewar with a vacuum gap, and cold nitrogen gas was applied. The nitrogen gas flow was properly guided so as to achieve a uniform temperature along the cylindrical specimen. The flow rate was regulated by an Omega Temperature Controller (Laval, PQ) regulated by a homemade LabView (National Instruments, Austin, TX) program. To obtain the temperature of the specimen, a copper-constantan thermocouple was placed on an end surface of the cylindrical specimen. This temperature, after Fig. 7 -Photograph of co-author S.B. holding a typical concrete cylinder for MRI studies. The sample contains coarse and fine aggregate, is fabricated from white Portland cement, and is approximately 5 cm in diameter. The "birdcage" style RF probe in the background is used for both excitation and detection of the MR signal from the sample. The RF probe is "proton free" and contains only teflon, glass and copper in the active region to prevent any background signal. The sample is inserted into the central cavity of the RF probe, which is then loaded, torpedofashion, into the MRI magnet of Fig. 8 .
allowing an equilibration time of 1 hour, represented a homogeneous temperature of the cylindrical specimen within ± 0.5°C.
RESULTS AND DISCUSSION
3-D images of a model mortar specimen
The transition zone between hydrated cement paste and aggregates directly affects the structural characteristics of concrete, through such fundamental properties as tensile strength, permeability, modulus of elasticity and overall deterioration resistance [5] . Indeed, although composed of the same elements as the bulk hydrated cement paste, the properties of the transition zone are so different that they are often treated as a separate phase of the concrete structure. Understanding the properties of this zone is crucial, as it is considered to be the strength limiting phase of concrete. Many of these properties are due to variations in the local water-cement ratio within the transition zone, as compared to the bulk phase. This three-dimensional variation in moisture content makes concrete a natural candidate for study by MRI. Fig. 9 shows a SPRITE image of a model cylindrical mortar sample which contains a single large light-weight aggregate (Tepexil, Mexico). This aggregate contains significantly less water than the surrounding cement matrix, and therefore appears as a signal void. Since the aggregate resides at the centre of the cylindrical specimen it can not be observed in a simple 3-D surface rendered image, Fig.  9a . However, when the 3-D image is viewed in cross section, the large aggregate is clearly seen as an empty space at the centre of the surface, Fig. 9b . Fig. 9c presents a 2-D "slice" image from the above 3-D data set, which also shows the presence of the aggregate inside the mortar specimen. The 3-D image was acquired in 45 minutes with a spatial resolution of 650 x 650 x 875 m 3 . Technical restrictions limit the ultimate resolution of MRI to roughly ten microns. While MRI will never be able to resolve individual HCP pores (unlike electron microscopy), the flexibility of MRI along with its ability to directly measure local moisture content should make it a powerful new tool for microscopic imaging. The current minimum acquisition time for a 3-D image of concrete samples, similar to that of Fig. 9 , is approximately 15 seconds. Orders of magnitude improvements in the raw acquisition speed of the SPRITE technique have been made in the last five years. It is unlikely however that the image acquisition time for similar samples can be reduced below 10 seconds.
Current research involves using high resolution MRI to observe processes such as the formation of high porosity, high water content, bleed water layers under coarse aggregates, and the influence of drying or freeze/thaw induced micro-cracking on the moisture distribution and transport properties of the hydrated cement paste transition zone. Recent developments in our MRI imaging techniques (turbo-SPI) allow visualization of moisture within the highly porous lightweight aggregates themselves, as well as transport between the cement paste and the aggregate pore systems [43] . 
Drying of concrete and mortar
One-dimensional profiles of evaporable moisture content at various drying periods are presented in Fig. 10 , for concrete cylinders with an initial water/cement ratio of 0.6. These cylindrical samples were cast, and maintained, in plastic containers with only a single exposed face, so as to reduce the drying to a 1-D problem. The apparent scatter in the profiles shows the spatial variation of moisture content due to the presence of randomly distributed coarse aggregates, which do not contain water. Measurements of sample mass were obtained simultaneously. By then correlating the total mass loss of water with the total signal loss in the profiles, we have been able to show that signal intensity in the MRI profiles does indeed directly correlate with the concentration of evaporable water [4] .
Differences between results displayed in Fig. 10 are due to the length of the moist curing period before the materials were exposed to drying conditions. One concrete cylinder was only allowed to cure at 100 % humidity for 1 day, while the other sample was moist cured for 90 days before drying. The profiles reveal moisture migration which is typical of cement based materials. Moisture transport in concrete is known to proceed as a mixture of diffusive and capillary drying behaviors [2] [3] [4] .
The results clearly show that concrete cured for only 1 day exhibits a faster depletion of water than the 90 day cured concrete. For this short curing time, the majority of o C and 40 %RH in a controlled temperature and humidity chamber. The profiles demonstrate an increase in water-tightness with increased curing, which is shown to proceed as a mixture of capillary and diffusive drying behaviors. Sample I ( ) is fully wet, sample II ( ) was dried for one month with one end exposed to the air, while sample III ( ) was dried for one month with both ends exposed. Numbers, 1 to 4, represent the locations for which the freezing behavior is presented in Figs. 11 and 13 . Similar positions were used for the 1-day cured sample. the water remains unhydrated and thus most of the water remains free in large pore spaces (so called capillary pores). Once the concrete is exposed to a low-humidity environment, a fast evaporation of water occurs through these capillaries. Darcy's law can be used to describe this capillary water flow which has been proposed to occur within the first few days of drying and to bring about a longitudinally constant loss of water [2, 3] . After all the free water is depleted, the pores other than gel pores become partially filled or have only layered water adsorbed on the pore surface, and consequently most pore spaces are filled with water vapor. Under the presence of moisture concentration gradients, the water vapor and the bound surface water will diffuse to the exposed end of the concrete cylinder. This is observed in the experimental profiles as a diffusive drying behavior.
The concrete sample which was more extensively cured (for 90 days) exhibits a much slower evaporation of water, as shown in Fig. 10 . This is attributed to a decrease in the overall porosity/permeability due to the long moist curing period, which is reflected as increased water tightness. With time, more cement undergoes chemical reaction with water, forming a cement gel structure having a pore size of a few nm. Even in the 90-day cured concrete however, it is observed that a fraction of the initial water is removed by capillary flow. This phenomena is more significant in high water-to-cement ratio materials, where there is insufficient cement hydrate volume to fill the original water filled space [4] .
For the 1-day cured concrete, since a considerable fraction of cement remains unhydrated, during the drying period, additional hydration may occur in the wet region where humidity is maintained high enough. Thus, free water in this region converts to chemically combined water during the drying period. This also causes the amplitude of the SPRITE image to decrease because the signal from the chemically combined water rapidly decays to zero and thus is not observed in the image [4] Hence, it is difficult to distinguish loss of water signal due to evaporation from the loss of water signal due to hydration. However, in the 90-day cured specimen, such additional hydration during the drying period should be negligible.
Examination of Equation (19) shows that its should be possible to generate pure density weighted images through choosing very low flip angles, short encoding times tp, and long repetition times with the Standard SPRITE technique. It frequently occurs however that the encoding time can not be reduced such that tp<< T 2 *. In this case one may execute the basic image acquisition iteratively with systematically different encoding times tp. In this case one may fit the resulting images, pixel by pixel, to an exponential decay and extract separate maps of T 2 * and the water density M o .
Equation (18), with an SPI experiment, provides a simple guide to such an experiment.
Quantitative water content imaging will usually require a calibration sample of known water content in order to assess the absolute water content [4] . We frequently refer to our MRI methods as generating quantitative maps of evaporable water content for a very simple reason. Concrete and mortar samples dried at elevated, but not extreme, temperatures typically reveal zero or near zero image intensity with reasonable SPRITE MRI acquisition parameters.
Water freezing in non-dried and dried mortar
When water is confined to a small pore, the freezing or melting point is depressed significantly due to the lower vapor pressure, which depends on the pore dimension. A simple model of this thermodynamic phenomenon for a cylindrical pore with diameter, d, is [46, 47] .
where T and T 0 are the freezing points of pore water and bulk water respectively. The published value of the coefficient K is 1x10 2 nm•K for water [48, 49] . We assume that K is a constant over the temperature range of interest. Assuming that the pore structure is independent of temperature, quantifying the amount of water freezing per temperature decrement may be processed to yield a wateroccupied pore-size distribution. The liquid to solid phase transformation of water can be effectively monitored with the SPRITE technique because the MR signal from ice vanishes very quickly (T 2 * < 9 s). In addition to the space dependant moisture content, the SPRITE method enables us to map the characteristic time constant T 2 * , which may change as functions of both space and temperature (because relaxation time are dependent on sample molecular dynamics). Knowledge of T 2 * allows us to remove the effect of this time constant from the images, which enables us to accurately interpret changes in the observable signal ( M 0 ) as a change in the unfrozen water content ( ) [42, 50] . In a porous medium having a wide range of pore sizes, the signal amplitude will decrease progressively with lowering temperature. When this signal reduction due to freezing is spatially resolved, the occupied pore-size distribution at various locations can be attained. In this way, we have postulated that new insight may be gained into the detailed mechanisms of drying and frost action in building materials.
The freezing experiments were performed on both 1-day and 7-day moist cured specimens. Experiments were undertaken on samples which were both fully wet, and samples which had dried for 1-month from a single exposed face. The freezing behavior of these samples is shown in Figs. 11a and 11b for samples which were moist cured 1 and 7 days respectively. These results demonstrate the effect of temperature on both the unfrozen water content and the T 2 * relaxation time. For each sample, the results are shown for the average behavior in a fully wet condition, as well as at four different positions in the partially dried samples. The location of these four positions with respect to the drying surface is shown in Fig. 12 . The coexistence of partially-filled pores and fully-saturated smaller pores does not affect measurements of the freezing or melting point of the pore water. Differential scanning calorimetry experiments, with model porous glass systems, revealed [51, 52] that the melting point of pore water is independent of the occupied volume fraction between 30% and 100%. This makes physical sense because the curvature of the pore water surface, which determines its phase transition temperature, remains the same if water is removed from the centre of the pore space.
The results of the experiments performed on these materials show that both of the non-dried samples exhibit a large decrease in moisture content at about -4°C. Due to the freezing at this temperature the unfrozen water content reduces by 21% and 52% in the 7-day cured mortar and the 1-day cured mortar, respectively. Also, the T 2 * decreases rapidly with cooling through this temperature. This large decrease in and T 2 * is due to ice formation of bulk-like water in the large capillary pores. According to Equation (21) , the diameter of pores corresponding to this freezing at -4°C is estimated to be 25 nm. A greater proportion of the bulk water is shown to be initially present in the 1-day moist cured sample, as the 7-day cured sample has undergone more extensive development of the gel pore structure. In the partially dried mortar samples, no freezing of free water is observed. This is because the water in large pores has been removed during the drying period.
After freezing of the bulk water, the amount of unfrozen water decreases gradually with lowering temperature until another pronounced phase transition occurs around -40°C. The pronounced water freezing at -40°C is observed in all the mortar specimens tested. It is very unlikely that this observation is due to freezing of a large volume of water in pores whose diameter is approximately 2.5 nm, as given by Equation (21) . This phenomena has been observed by other investigators [53] , but as of yet we have no convincing explanation.
A reduction of magnetization, M 0 , is attributed to the freezing of water of volume, V, with pore diameter in a particular range, d. The pore size distribution can thus be obtained by the following relation [42] .
By applying Equation (22), we are therefore able to obtain the local pore size distribution at specific locations of interest. Fig. 13 presents the spatially-resolved distribution of water-occupied pore volume as applied to the freezing data shown in Fig. 11 . We have therefore obtained the spatially-resolved water occupied pore size distributions for the samples in both a fully wet condition, and at the four selected locations discussed above. Only the data above -40°C are used in the pore-size estimation since the redistribution of moisture around this temperature may alter the pore structure significantly, and the pore sizes obtained below this temperature are so small that the interpretation may lose thermodynamic validity.
The area under each curve in Fig. 13 represents the volume of water that is "freezable" between 0°C and -40°C, which are the freezing points of bulk water and pore water with 2.5 nm diameter, respectively. Comparison of the occupied pore size distributions yields several very important differences. For non-dried mortar, the bulk-like water present in pores with 10 to 60 nm diameter (capillary pores) is clearly distinguished from pore water in the smaller gel pores. In addition, the 1-day cured mortar (Fig. 13a) is observed to contain significantly more water in the 10-60 nm pore size range than the 7-day cured mortar (Fig. 13b) , confirming the conversion of the large pore spaces to finer pores with cement hydration. In the partially dried samples significant water does not reside in large capillaries, leading to very little change in magnetization above -10°C (Fig. 11) . Following the 1-month drying period all the water is observed to reside in pores with diameter less than 10 nm, and the pore water volume increases rapidly as the pore size decreases. The upper limit of occupied pore sizes appears to decrease with moisture content. The lack of development of gel pore volume in the 1-day cured mortar is clearly indicated by much smaller occupied pore volume with diameter of below 10 nm. In both dried specimens, pores in proximity to the exposed surface appear to be empty except pores which are less than 4 nm diameter. In pores smaller than this, water molecules do not easily escape to the vapor state, and are also less easily ordered to form the solid state. Fig. 13 -Plots of water occupied pore size distribution, shown for (a) 1-day and (b) 7-day cured mortar. Data is shown for fully wet mortar averaged over the entire sample ( ) and at 4 different locations in a partially dried cylinder ( , , , ), sample II above.. These plots are obtained by applying Equation (22) to the data shown in Fig. 11 . The data clearly shows the transition from a coarse to a fine pore system with increased moist curing, as well as a shift in the occupied pore size distribution to smaller pore sizes with drying.. Water at the surface of the concrete is shown to reside only in pores < 4 nm in diameter, with proportionally more water retained in the 7 day moist cured material.
These experiments show that one is able to make a relatively sophisticated measurement on concrete materials as they change spatially and temporally within a well controlled laboratory environment. This we feel is one of the generic benefits of MRI as applied to cement and concrete research. Well controlled laboratory studies are the forte of MRI.
Observation of freezing front propagation in a semi-infinite concrete wall
One novel application of the observation of freezing behavior using MRI, is the direct detection of freezing front propagation into concrete structures. When a concrete wall is exposed to temperatures below 0 ºC, water in pores near the exposed surface will freeze (if they are in pores large enough to allow the phase transition). Penetration of the freezing front is limited by the rate of incremental pore water freezing in neighboring regions of space. The propagation velocity therefore directly depends on the thermal properties of the concrete.
For this experiment, a mortar cylinder was placed in the glass dewar setup used above, and all sides were insulated using glass fiber insulation, with only a single exposed face. This reduced the experiment to a 1-D problem, and is analogous to a semi-infinite wall. The exposed face was then maintained at a constant temperature of approximately -20 ºC (as measured using a thermocouple at the face) using cold nitrogen vapor. The sample used was a mortar with a water-cement ratio of 0.5, and one day of moist curing. Two-dimensional images were obtained using Spiral SPRITE, with each image requiring a 2 minute acquisition with 3 minutes between consecutive imaging experiments. The time resolved observation of the freezing front is only possible because of the innately fast imaging times of the Spiral SPRITE method, as compared to the traditional SPI methodology.
The results of this experiment are shown in Fig. 14 , which gives the unfrozen water distribution after 1 minute (left) and 11 minutes (right) of exposure to the cold nitrogen. The images clearly show the presence of a propagating freezing front. Time resolved measurements allow for direct observation and determination of the propagation front velocity. Future experiments will examine the role of drying (occupied pore size distribution), freeze-thaw history, and aggregates on the thermal conductivity. One interesting application will be to study differences in the thermal conductivity of normal weight and lightweight concrete (which is often valued for its insulating properties).
Water absorption of high-performance concrete
The durability of reinforced concrete is a concern in many countries, where premature deterioration may reduce the service life of structures. The performance of the cover concrete is a major factor in the degradation of reinforced concrete structures. Most of the durability problems of concrete are strongly related to moisture inside the material, which normally penetrates concrete by capillary forces. Therefore, in order to determine the potential durability of concrete it is necessary to study the penetration behavior of liquids (especially water) into concrete. In evaluating the resistance of the cover concrete to water ingress, the sorptivity is a parameter that is increasingly being used to characterize the penetrability of concrete [54] [55] [56] [57] .
In these experiments cylindrical specimens were prepared with different types of concrete mixtures and subjected to six curing regimes [58] . After 28 days of drying at 38 o C and 40% relative humidity, the specimens were removed from their plastic moulds and cut to 47 mm in length. The specimens were oven-dried at 105 o C until they reached constant mass. Marine epoxy was applied on the exterior curved surface of each specimen to restrict the ingress of water to only one face. The specimens were placed in a vessel containing distilled water. Normally the specimens were immersed in the water to a depth of approximately 3 mm. The single point imaging (SPI) MRI experiments were undertaken at 0 min, 10 min, 30 min, 1h, 2h, 4h, 8h, 24h, and 48h after bringing the specimen into contact with water.
In addition the 3D Spiral SPRITE MRI technique was used to image the water penetration into an ordinary concrete specimen for eight hours after bringing the specimen in contact with water. The same technique was used to determine the penetrating front in a self-consolidating concrete specimen at long exposure times. Fig. 15 shows typical penetration results of the onedimensional imaging of water absorption into a concrete specimen prepared with self-consolidating concrete, containing 50% fly ash and moist cured for either one or seven days. Water penetration is much faster in the one day cured specimens. The results, and their differences, are readily quantified and may be used to discriminate between different sample behaviors [58] . More specifically, these results demonstrated the need for adequate curing for selfconsolidating concrete containing fly ash in order to reduce its permeability.
Slices taken from the 3D Spiral SPRITE water uptake data set are shown in Fig. 16 . One observes a sharp penetrating front in an ordinary concrete (w/c=0.6). However, in very impermeable self-consolidating concrete containing 30% fly ash (w/cm=0.33), Fig. 17 , the front is parabolic and microstructural changes caused a reduction in the permeability by blocking the pores. This specimen was left absorbing water for more than 45 days without any significant change in the penetration depth.
Water uptake experiments of the type described above provide an unprecedented insight into the water dynamics in unsaturated concrete materials. Quantitative data of this type is readily analyzed with Boltzmann transformation and fitting to a non linear diffusion [58] . This permits a systematic assessment of the water dynamics in different concretes through simple quantifiable parameters. The data of Fig. 17 however also point the way to an in depth analysis of water dynamics in samples for which no other experimental method could reveal 'unusual' water behavior.
Chloride, sodium and water distribution in mortar
Corrosion of the reinforcement is one of the main causes of deterioration of concrete structures [59] . Chloride penetration into concrete due to either diffusion or absorption or a combination of both mechanisms is an important contributor to the corrosion of embedded steel in concrete. In northern countries, de-icing salts are a major factor in the deterioration of highways, and in many countries, chlorides from seawater exacerbate the deterioration process [60, 61] . Determination of the chloride distribution in concrete requires destroying the specimen. The AASHTO T259 test "Resistance of Concrete to Chloride Penetration" 90-day ponding test, which involves diffusion and absorption of chlorides, is often used to determine the chloride diffusion coefficient. After the specified time, powder samples are obtained by drilling to specific depths and the chloride content is determined. This procedure gives a profile which may feature low spatial resolution and is inherently destructive. Therefore, it is desirable to have a non-destructive, high-resolution method to study the penetration of aggressive agents like chlorides into cement based materials.
Magnetic Resonance Imaging provides a unique way to non-destructively and with sub millimetric resolution monitor the ingress of water and other species into concrete. Recently, a study of NaCl solution penetration into calcium-silicate brick has been undertaken [62] . However, the traditional MRI technique that was used has limitations on the shortest signal lifetime, T 2 * , that can be observed and only proton and sodium profiles were obtained.
A significant advance was made through the use of SPRITE to determine the distribution of chlorides, sodium and water in mortar [63] . In this work, mortar specimens with high and low water-to-cement ratio containing white Portland cement were used to determine the distribution of Fig. 16 -2D slice images from a time series of 3D spiral SPRITE images taken during a water uptake experiment. Notice the low signal in the specimen at the start of the experiment, which was a result of incomplete initial drying at 38 o C and 20% relative humidity. The water content from regions of space behind the wetting front gradually increases as water fills previously empty pores. The image at left was acquired 8 minutes into the experiment; the image at right 8 hours after commencement of the experiment. Both slices examine the same physical plane inside the sample The wetting front penetrates the sample as a sharp boundary which moves around the void spaces in the image caused by non-porous aggregates. Fig. 17 -Two dimensional slices taken from a 3D spiral SPRITE image data set acquired after two months of water absorption for a self consolidating concrete sample, prepared with 30% fly ash, w/cm= 0.33, and moist cured for 7 days. The image field of view is 12 cm isotropically, with the slices 3.8 mm apart. Notice that water penetration is incomplete even after 2 months exposure, and that water penetration is higher in the sample centre than near the edges. 1 H, 23 Na, and 35 Cl during 20% NaCl solution capillary uptake. The SPRITE experiment for all three nuclei simply required the fabrication of RF probes at the appropriate resonance frequencies, Table 1 , for all three nuclei. SPRITE imaging experiments for one nucleus, and then another, were executed sequentially with minor changes in equipment required. Fig. 18 shows the sodium and chlorine profiles at different salt water exposure times. These are the first experimental results of their type. Both the sodium and chloride penetrate faster in the high w/c sample with substantially higher ion content also observed in these samples. The chlorine signal is known to arise from chloride ions dissolved in pore solution. Chemically bound forms of chlorine are not observed in the experiment [58] .
This experiment is far more general than most SPRITE concrete experiments. Chloride and sodium distribution may be determined in mortars and concrete containing ordinary cement!
The relaxation time behavior of quadrupolar nuclei (I>1/2), sodium and chlorine, is fundamentally different than the relaxation time behavior of spin ½ nuclei (I=1/2), such as hydrogen in water. It appears that the signal lifetimes of sodium and chlorine nuclei are not drastically reduced in the presence of paramagnetic impurities associated with ordinary Portland cement.
This implication is that cores extracted from field concrete containing ordinary cement and mineral admixtures can be easily tested, and the distribution of chlorides obtained in only a few minutes. A very important application of this technique will be to validate mathematical models that predict the penetration of chlorides into concrete for existing structures which have endured many years, or decades, of salt water exposure.
CONCLUSION
In conclusion the single point class of pure phase encode MRI methods appear to have opened many new doors in cement and concrete research. The fact that the techniques are non-destructive is not important from the point of view of the inherent value of test specimens -unlike the case of clinical MRI. Rather non-destructive testing means that it is possible to follow a small cohort of test samples throughout the duration of an experiment, examining individual samples as required as the experiment progresses.
The MRI methods described also permit high resolution imaging of the species of interest in the concrete specimen whether this be water, sodium or chloride etc. The current necessity of using white Portland cement for most studies automatically limits the application of these techniques, for the most part, to laboratory studies. However, as demonstrated by the freeze thaw studies outlined above, model systems, with realistic treatment, conditioning etc., can be quite powerful and sophisticated. The possibility of testing for sodium and chloride content in cores extracted from field concrete is a notable exception to this restriction. One of the reasons that MRI methods have an appeal over neutron and x-ray imaging techniques is the inherent possibility of multi-dimensional imaging studies and the possibility of direct detection of the species of interest (usually water) without the necessity of a background subtraction. This does not however obviate the necessity of access to MRI instrumentation if one wishes to undertake similar testing. However it should be stressed that a general research-grade MRI instrument should be capable of executing the vast majority of the MRI measurements described in this review.
It should also be noted that while the MRI methods described in this review have been under development for many years, they are still a very active area of research and new imaging methods and ideas are continually being developed. The state of flux of the methods themselves is mirrored by the similar state of flux of the applications to cement and concrete research. It seems safe to assume that new applications, and new measurements, will continue to be developed throughout the next decade.
Nevertheless, some measurements, most notably one dimensional water content determinations for wetting or drying samples, have now reached a high level of development, are quite robust, and may be used to answer a wide variety of water dynamics questions in cement and concrete research. Our feeling in fact is that high quality measurements of this type will help guide the next round of advances in theory for unsaturated water flow in porous media. 35 Cl images for w/c=0.60 samples at 4.3h ( ), 21.5 h ( ), 72h ( ), and w/c=0.30 samples at 3.7h ( ), 20.3h ( ), and 72h ( ). The salt water penetrates right to left in these samples from a 20% sodium chloride solution. The penetration is faster, and ion content levels higher, in the high w/c ratio sample. A sodium chloride reference sample is present, at left, in each image.
